Sequences of basis sets that systematically converge towards the complete basis set ͑CBS͒ limit have been developed for the first-row transition metal elements Sc-Zn. Two families of basis sets, nonrelativistic and Douglas-Kroll-Hess ͑-DK͒ relativistic, are presented that range in quality from triple-to quintuple-. Separate sets are developed for the description of valence ͑3d4s͒ electron correlation ͑cc-pVnZ and cc-pVnZ-DK; n =T,Q, 5͒ and valence plus outer-core ͑3s3p3d4s͒ correlation ͑cc-pwCVnZ and cc-pwCVnZ-DK; n =T,Q, 5͒, as well as these sets augmented by additional diffuse functions for the description of negative ions and weak interactions ͑aug-cc-pVnZ and aug-cc-pVnZ-DK͒. Extensive benchmark calculations at the coupled cluster level of theory are presented for atomic excitation energies, ionization potentials, and electron affinities, as well as molecular calculations on selected hydrides ͑TiH, MnH, CuH͒ and other diatomics ͑TiF, Cu 2 ͒. In addition to observing systematic convergence towards the CBS limits, both 3s3p electron correlation and scalar relativity are calculated to strongly impact many of the atomic and molecular properties investigated for these first-row transition metal species.
I. INTRODUCTION
Chemistry involving transition metal elements is extremely rich and ranges from materials science and catalysis to biology and problems of environmental concern. Obtaining accurate descriptions of these systems, however, can be very challenging for ab initio electronic structure theory. On the one hand, the electron correlation problem in transitionmetal-containing systems can be extremely demanding due to open d shells and a concomitant high density of electronic states. Advances in coupled cluster and multireference methods, as well as density functional theory, have come a long way towards addressing this problem. On the other hand, the resulting accuracy of any correlated electronic structure calculation can be highly dependent on the one-particle basis set used to represent the molecular orbitals. In particular, the coupling between the correlation method and the basis set can lead to erratic results that limit our understanding of the intrinsic errors associated with the chosen computational method. Certainly it is also the case that the systematics of basis set incompleteness must be understood at a fundamental level in order to obtain the kind of accurate results now possible for processes involving only main group elements in the general areas of chemically accurate thermochemistry and ab initio spectroscopy and dynamics.
One of the major advances in the ab initio calculation of molecular electronic structure over the last 15 years has been the development of Gaussian basis sets that exhibit systematic convergence towards the complete basis set ͑CBS͒ limit. Following the work of Jankowski et al. 1 and the introduction of atomic natural orbital ͑ANO͒ basis sets by Almlöf and Taylor, 2 Dunning reported 3 the family of correlation consistent ͑cc͒ basis sets for the first-row elements, denoted cc-pVnZ with n =D,T,Q, 5, which allowed for the systematic extension of the one-particle basis set towards the CBS limit in correlated calculations. These sets have revolutionized quantum chemistry in areas such as ab initio thermochemistry and spectroscopy since they can yield accurate CBS limit results, i.e., the exact solution of, e.g., the coupled cluster equations. In particular, the errors associated with the method and basis set can be decoupled, which greatly facilitates error estimates. Since the original work of Dunning, the family of correlation consistent basis sets has been extended to include all of the p-block elements of groups 13-18, 4-6 as well as extensions to describe anions, van der Waals interactions, and core-valence electron correlation. 7, 8 While correlation consistent basis sets have become the de facto standard for accurate ab initio calculations on systems involving main group elements, a similar choice does not generally exist for the transition metals. Numerous basis sets are available for the first-row transition metal elements, both large and small, [9] [10] [11] [12] [13] [14] yet except for a few selected elements 12, 14, 15 none form a family of basis sets capable of systematically converging to the CBS limit like the correlation-consistent sets. In the present work, basis sets exhibiting systematic convergence towards both the HartreeFock ͑HF͒ and correlated CBS limits are developed for the 3d transition metal elements, Sc-Zn. Series of basis sets ranging in quality from triple-to quintuple-have been determined using both nonrelativistic ͑NR͒ and relativistic Douglas-Kroll-Hess 16 ͑DKH or DK͒ calculations; separate sets for valence-only correlation, 3d4s, as well as those including the effects of outer-core correlation, 3s3p3d4s, are included. Analogous double-basis sets have not been ina͒ cluded in the present work due to the ready availability of basis sets of this size. The resulting basis sets of this work, which also include those extended by additional diffuse functions for the treatment of anions and weak interactions, have been used in benchmark calculations at the coupled cluster level of theory for various atomic and molecular spectroscopic and thermochemical properties. The details of the basis set optimizations is described in Sec. II, while the results of the atomic and molecular benchmark calculations are presented in Sec. III. The conclusions drawn from the present work are summarized in Sec. IV.
II. BASIS SET CONSTRUCTION
The methods used for the exponent optimizations closely followed those recently used in the construction of cc-pVnZ-PP basis sets for the post-d elements. 6 Namely, a conjugate gradient algorithm 17 using double-sided numerical derivatives was employed with energy gradients converged to better than 1 ϫ 10 −6 a . u. The MOLPRO program suite 18 was used throughout and only the pure spherical harmonic components of the dfg¯angular momentum functions were utilized. All HF and configuration interaction ͑CI͒ natural orbitals were full symmetry equivalenced. Overall, the optimization of correlation consistent basis sets for the transition metals should follow a similar procedure as that used previously with main group elements, i.e., several HF sets that range in accuracy from a double-or triple-description of the valence orbitals to near the HF limit are first optimized and then appropriate shells of correlating functions are determined. However, as discussed previously by several authors ͑see Refs. 13 and 19-21͒, the development of accurate basis sets for transition metals should involve addressing a number of issues that do not generally exist for main group elements. In particular, most of the transition metal ͑TM͒ elements have several important low-lying electronic states that contribute to bonding in molecules, namely, configurations of the type ns 2 ͑n −1͒d m−2 , ns͑n −1͒d m−1 , and ͑n −1͒d m , where m is the number of valence electrons. Optimization of basis function exponents for just one of these configurations, e.g., the atomic ground state, can introduce significant bias into the results, especially since the ns orbital generally has a very different radial extent than the ͑n −1͒d orbital. In addition, the np valence orbitals are unoccupied for the atoms, but can be important for bonding in molecular systems. Lastly, the radial extent of the outer-core ͑n −1͒sp shell is very similar to that of the valence ͑n −1͒d shell, which can lead to strong core-valence correlation effects.
In the case of all-electron basis sets for the first-row transition metals ͑Sc-Zn͒, Bauschlicher and Taylor, 20 Bauschlicher, 13 and Pou-Amérigo et al. 21 have carefully addressed the issues noted above for accurate correlated calculations within the framework of ANO basis sets. Each of these studies was based on the large spd Hartree-Fock basis sets optimized by Partridge 22 for the 4s 2 3d m−2 states of the atoms. Several diffuse p functions were then added in an even-tempered 23 fashion to describe the 4p orbital, as well as an additional diffuse d-type function. The latter was to account for a possible bias in the original HF d set against the 4s3d m−1 configuration. 19 ANO-contracted correlating functions of dfg symmetry were then added to these sets, and these were optimized for the average energy of up to three electronic states of the atoms. In the work of Pou-Amérigo et al., 21 ionic states and calculations with small external electric fields applied to the neutral atoms were also used in the averaging procedure. More recently, these ideas have been extended to correlation consistent polarization functions by Bauschlicher 14 25 but it has been noted previously 22 that these procedures can yield exponents that are too diffuse for molecular calculations. In our preliminary work, this did not seem to be the case when the excited state that was used for the optimizations kept the 4s orbital doubly occupied. In particular, this scheme also appeared to lead to very consistent p exponent distributions across the row. Lastly, for the optimization of d-type HF sets, these exponents have been optimized for the average HF energy of three states: the 4s 2 3d m−2 , 4s 1 3d m−1 , and 3d m ͓of course, only two states for Cu ͑m =11͒ and one state for Zn ͑m =12͔͒. This procedure naturally led to a diffuse d function that described states with higher d occupations without resorting to either just an even-tempered extrapolation of a 4s 2 3d m−2 optimized basis set as was done in most previous works or optimizations on one particular d-excited state, e.g., the 3d m state as in Ref. 19 .
Specifically, the sp primitive sets used for the current TZ and QZ basis sets were taken from the work of Partridge, 22, 26 ͑20s14p͒ and ͑22s16p͒, respectively, with the subsequent modification of the outermost p exponent as described above. These were paired with ͑8d͒ and ͑11d͒ sets fully optimized in the present work as described above. In the case of the 5Z basis sets, sufficiently large sp sets were not available in the literature, so optimizations were carried out for a ͑28s18p12d͒ set. However, because of the inherent inaccuracies of the numerical gradients used in this work, particularly in regards to the very large exponent, tight s functions occurring in these basis sets, reliable full optimizations of the sp sets were not possible. Test optimizations based on the 22s set of Partridge, however, indicated that nearly identical results could be obtained by using a six-term Legendre expansion as described by Petersson et al. 27 for the inner exponents while the five most diffuse exponents were fully optimized. This procedure was followed to generate ͑28s18p͒ primitive sets optimized for the 4s 2 3d m−2 atomic states. The most diffuse p exponent was then replaced by three exponents optimized for the lowest 4s 2 3d m−3 4p 1 states as in the TZ and QZ cases, and all the exponents of the 12d set were fully optimized for the HF average energy of up to three atomic states. For all of the DK relativistic basis sets, TZ-5Z, only the three most diffuse p exponents and the d sets were optimized with the inclusion of the DKH Hamiltonian. Because relativistic effects are less important for these more diffuse functions, the resulting exponents differed only slightly from the NR sets. The final composition of the spd HF primitive sets for the 3d transition metal elements obtained in this work are ͑20s16p8d͒ for TZ, ͑22s18p11d͒ for QZ, and ͑28s20p12d͒ for 5Z. Note that the sizes of the current d sets are consistent with HF sets chosen previously for the standard post-3d cc-pVnZ basis sets, 5 while the present sp sets are slightly larger. In order to minimize bias towards one particular atomic state, these spd sets were generally contracted to ͓4s3p1d͔ using atomic orbital ͑AO͒ coefficients obtained from state averaging up to three sets of HF density matrices ͑DK-HF for the relativistic basis sets͒, 4s 2 3d m−2 and 4s 1 3d m−1 states for Sc-Co and Cu, these two plus the 3d 10 for Ni, and just 4s 2 3d 10 for Zn. An additional contracted p function was also included to describe the 4p orbital using the AO coefficients from the lowest 4s 2 3d m−3 4p 1 state. Designations of all the atomic states used in the present work are explicitly shown in Table I . It should also be noted that a finite nuclear model was not used in the present DK calculations, and hence these basis sets may have to be recontracted for use in programs such as GAUSSIAN03 where this model is employed by default.
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A. Valence-only correlation, cc-pVnZ basis sets
With the HF sets determined, the next step in the construction of correlation consistent basis sets for valence electron correlation was to ascertain the proper shells of correlating functions to add to produce cc-pVTZ, cc-pVQZ, and cc-pV5Z basis sets. In the case of fghi angular momentum functions, Ricca and Bauschlicher 12 and Bauschlicher, 14 as well as Pykavy and van Wuellen, 15 utilized the expected, traditional patterns of 2f1g for TZ, 3f2g1h for QZ, and 4f3g2h1i for 5Z in their valence correlation consistent basis sets for Ti, Fe, and V. In the present work this prescription has been analyzed with calculations on the 4s 2 3d 8 state ͑ 3 F g ͒ of the Ni atom. Beginning with the QZ-DK primitive set contracted to ͓8s7p5d͔, even-tempered sequences of f, g, h, and i angular momentum functions were successively added. The incremental valence ͑4s3d͒ correlation energies were obtained using the singles and doubles configuration interaction ͑CISD͒ method with the DKH Hamiltonian. These results are shown in Fig. 1 . Within each angular momentum symmetry type, regular, nearly exponential convergence is observed. Correlation consistent shell groupings, however, are not very clear, especially for the first few functions. The first f function is the most important from an energetic standpoint and hence it could be chosen for a DZ basis set. The second f function, however, yields much more correlation energy than the first g function. In contrast, the next two expected groupings, 3f2g1h ͑QZ͒ and 4f3g2h1i ͑5Z͒, exhibit more typical correlation consistent behavior. While these results might suggest an alternative definition for the valence TZ correlation set, the traditional correlation consistent shells have been retained in this work since then both the radial and angular spaces are increased with each successive basis set. As shown below in the atomic and molecular benchmark calculations, this choice does appear to lead to well-behaved convergence properties. Actually it has been shown previously, 29 and confirmed in the present work, that more regular correlation consistent behavior is observed when 3s3p correlation is included with 4s3d, but this occurs TABLE I. Neutral atom states ͑cation and anion ground states in square brackets͒ used in the basis set optimizations and calculations of the present work with their corresponding electronic configurations. Note that m refers to the total number of valence electrons ͑4s and 3d͒.
at the expense of the convergence rate for describing valence electron correlation, which is still the most important for molecular calculations. Hence, the present work provides separate basis sets for valence and core-valence correlation ͑see below͒. In the final valence basis sets developed here, the even-tempered sequences of fghi functions, 2f1g for TZ, 3f2g1h for QZ, and 4f3g2h1i for 5Z, were optimized for the average CISD energy of the 4s 2 3d m−2 , 4s 1 3d m−1 , and 3d m states for Sc-Ni, while only the first two states and the first state were used for Cu and Zn, respectively. In addition to determining correlating functions for higher angular momentum symmetries, those of spd type must also be included. In the work of Ricca and Bauschlicher 12 and Bauschlicher 14 several spd functions from the HF set were uncontracted and this same set of functions was used for their TZ, QZ, and 5Z basis sets. In the standard correlation consistent basis sets for the main group elements, functions were also simply uncontracted from the HF sets. The number of uncontracted functions increased systematically from 1s1p1d for the DZ sets up to 4s4p4d for the 5Z sets for Kr. In the present work a compact representation was also desired, but instead of uncontracting functions from the underlying HF sets, it was determined that it was much more accurate in regards to evenly treating multiple atomic states to use contractions based on CISD atomic natural orbitals. In the cases of Sc-Co and Cu, these were obtained by averaging the symmetry equivalenced CISD density matrices of the lowest atomic states with 4s 2 3d Hence, a ͑2s2p2d͒ set of ANOs was used for the TZ set, a ͑3s3p3d͒ set for the QZ, and a ͑4s4p4d͒ set for the 5Z. Additionally, in order to provide more flexibility in the final basis sets, the most diffuse Gaussian primitive in each symmetry was also uncontracted in each set. The final contracted cc-pVnZ and cc-pVnZ-DK basis sets designed for correlating the 4s3d electrons consisted of ͓7s6p4d2f1g͔ for ccpVTZ͑-DK͒, ͓8s7p5d3f2g1h͔ for cc-pVQZ͑-DK͒, and ͓9s8p6d4f3g2h1i͔ for cc-pV5Z͑-DK͒.
B. Valence plus outer-core correlation, cc-pwCVnZ basis sets
It is generally well recognized that especially for the early 3d transition metals, correlation of the outer-core 3s and 3p electrons is very important for accurate work. Just as in the case of main group elements, however, additional functions optimal for correlating outer-core electrons should be added to a basis set designed only for valence electron correlation. In the present work, the weighted core-valence scheme of Peterson and Dunning 8 has been adopted, whereby the intershell, core-valence correlation energy is strongly weighted over the intrashell, core-core correlation energy in the optimization procedure. In order to determine the number and type of functions to add to each valence set to obtain cc-pwCVTZ, cc-pwCVQZ, and cc-pwCV5Z basis sets, numerous test calculations on the atomic ground states of both Ti and Ni were carried out. For the higher angular momentum functions ͑fghi͒, these results were in general agreement with the previous conclusions of Bauschlicher for the Ti atom, 14 whereby since the optimum correlating functions for valence and valence+ 3s3p overlap considerably, the core-valence functions added to the valence basis sets should consist of just one additional function in each angular symmetry present in a 3s3p correlating set. Hence with this prescription the cc-pwCVTZ basis would involve adding just one additional f-type function to the cc-pVTZ, the ccpwCVQZ would add one f and one g, etc. Inspection of the incremental core-valence correlation energies, however, demonstrated that the first tight function of the next highest angular momentum, e.g., a g-type function in the TZ case or an h-type function in the QZ case, actually contributed slightly more correlation energy than those functions of lower angular momentum. This is perhaps due to the focus in this work on the intershell core-valence correlation energy rather than the intrashell core-core correlation energy, where the former involves explicit correlation of the 3d electrons together with the 3s and 3p electrons. Hence in the spirit of correlation consistency, the present core-valence basis sets add a 1f1g set to the cc-pVTZ to yield the cc-pwCVTZ set, a 1f1g1h set to the cc-pVQZ to make the cc-pwCVQZ basis, and a 1f1g1h1i set to the cc-pV5Z basis to construct a ccpwCV5Z basis. Of course, the problem of overlapping functions must still be addressed. In the present work, in order not to degrade the description of the valence space, the outermost functions from the valence sets were fixed and the remaining fghi correlating functions were reoptimized. This is similar to the prescription used by Bauschlicher, Jr. for his indium core-valence basis set. 30 In the present case, these functions were reoptimized using the sum of the weighted core-valence correlation energy ͑cf., Ref. 8͒ and the average valence-only CISD energy of up to three atomic states ͑as discussed above for the valence basis sets͒.
Lastly, additional spd functions appropriate for 3s3p correlation were added to obtain the final cc-pwCVnZ basis sets. In each case a set of 2s2p2d functions optimized for the weighted core-valence correlation energy was added to each basis set, TZ through 5Z. Based on studies of the incremental core-valence correlation energy in both Ti and Ni, larger spd correlating sets were not deemed necessary since further spd functions recovered much less than the fghi functions that were also added as discussed above. Hence the final cc-pwCVnZ basis sets consisted of ͓9s8p6d3f2g͔ for ccpwCVTZ͑-DK͒, ͓10s9p7d4f3g2h͔ for cc-pwCVQZ͑-DK͒, and ͓11s10p8d5f4g3h2i͔ for cc-pwCV5Z͑-DK͒.
C. Diffuse function augmented sets, aug-cc-pVnZ
Finally, in order provide an accurate description of both anionic character and weak interactions, extra diffuse functions should be added to each basis set, either cc-pVnZ or cc-pwCVnZ. In the correlation consistent basis sets for the p-block elements, additional diffuse functions were added for each angular momentum function present in the regular set, e.g., one additional s, p, d, and f function was added to the cc-pVTZ basis set to form the aug-cc-pVTZ set. In these cases the exponents of these additional diffuse functions were obtained through optimizations on the atomic negative ions. In principle, a similar prescription could also be followed in the present case for the transition metal elements, and in fact this was the procedure initially used in this work. The problem, however, was that for many of the transition metal elements the atomic electron affinity is very small, often only greater than zero with very large basis sets and extensive electron correlation. This tended to result in diffuse exponents that were seemingly much too small for use in most molecular environments. A simple alternative scheme is to just extend the most diffuse part of the existing basis sets in an even-tempered fashion. Comparison of the outer two exponents in both the cc-pVnZ and cc-pwCVnZ basis sets suggested that the most consistent set of diffuse functions was obtained by carrying out an even-tempered extension of the two most diffuse exponents in the cc-pwCVnZ basis sets. This strategy was followed in each case to obtain aug-cc-pVnZ and aug-cc-pVnZ-DK basis sets with n =T,Q, and 5 ͑of course, these same diffuse functions can also be used to generate aug-cc-pwCVnZ and aug-cc-pwCVnZ-DK basis sets͒.
III. BENCHMARK CALCULATIONS
A. Atomic properties
Nonrelativistic HF total energies calculated with the cc-pVnZ ͑n =T,Q, 5͒ basis sets are shown in Table II for the two lowest electronic states of Sc-Zn, where they are also compared to the accurate numerical results of Tatewaki and Koga. 31 The HF errors are observed to be very balanced between the ground and excited states, and range from a maximum of 1.8 mE h for the triple-set to 45 E h for the 5-set. The results for the ground states of the cations and Tables III-V , respectively, as a function of the basis set. The open-shell variant of CCSD͑T͒ used in this work utilized restricted open-shell HF ͑ROHF͒ orbitals ͑state-averaged ROHF in this case for symmetry equivalencing͒, but allowed for small amounts of spin contamination in the solution of the CCSD equations, i.e., R / UCCSD͑T͒. 34 Complete basis set limits have also been estimated in each case by extrapolation of the total energies via both a mixed exponential and Gaussian form,
and a two-point ᐉ −3 formula,
The best estimate CBS limits shown in the tables and figures of this work correspond to the average of these two results using TZ, QZ, and 5Z basis sets for Eq. ͑1͒ and QZ and 5Z for Eq. ͑2͒. CBS extrapolations that involve using just the TZ and QZ basis sets with Eq. ͑2͒ are also given for the DK results. In addition, the experimental results shown have been adjusted for spin-orbit coupling effects, which have not been included in the current ab initio results, and reflect the j-averaged values using the experimental splittings. Note that in the case of Ni, the lowest spin-orbit coupled state arises from the 4s 2 3d 8 ͑ 3 F͒ configuration, yet the lowest energy j-averaged state corresponds to the 4s 1 3d 9 ͑ 3 D͒ configuration. The former has been used as the reference for the neutral ground state in both the ionization potential and electron affinity of Ni atom in this work. The overall relative shift in energy between the two states produced by j averaging is 1.27 kcal/ mol.
Atomic excitation energies
Focusing first on the CCSD͑T͒ excitation energies with only valence electron correlation included ͓Table III͑a͔͒, in every case the convergence with respect to basis set is from above, i.e., increases in the basis set stabilize the 4s 1 3d
states. In general the convergence towards the CBS limit is regular and rapid. In particular for the early transition metals, Sc-Cr, the TZ results are already within a few tenths of a kcal/ mol of the CBS limits, while for Mn-Cu the TZ basisset results are within about 5 kcal/ mol. The effects of scalar relativity on the excitation energies, determined as the differ- ence between the NR-CCSD͑T͒ / cc-pVnZ and DK-CCSD͑T͒ / cc-pVnZ-DK results, can be extracted from Table  III͑a͒ , and the CBS differences are plotted in Fig. 2 . In general the basis set dependence of the scalar relativistic effect is nearly converged in these cases already at the TZ level, and the magnitude of the effect, which ranges from just under 3 kcal/ mol for Sc to nearly 10 kcal/ mol for Cu, increases very regularly as a function of the atomic number, as shown in Fig. 2 , and always increases the excitation energy. These latter trends are expected since scalar relativistic effects should approximately increase as Z 2 with a strong stabilization of the 4s orbital and a concomitant destabilization of the 3d. These excitation energies all involve a 4s 2 3d
m−2 → 4s 1 3d m−1 excitation. In fact the trend shown in Fig. 2 does closely follow a Z 2 dependence, but only if the early metals ͑Sc-Cr͒ are analyzed separately from the later ones ͑Mn-Cu͒. As also shown in Fig. 2 , scalar relativistic effects calculated at the HF level of theory are nearly identical to the CCSD͑T͒ values for these excitation energies, with a maximum correlation effect of just 0.23 kcal/ mol for the Ni atom.
Upon comparing the valence correlated results to experiment in Table III͑a͒ , it can be observed that the inclusion of scalar relativity actually worsens the agreement with experiment once the basis set is extrapolated to the CBS limit. Of course it is well known that 3s3p correlation can be very important for the transition metal elements, and the contributions to the excitation energies from this effect using the cc-pwCVnZ-DK basis sets are given in Table III͑b͒ and plotted in Fig. 3 . The nonrelativistic results were within 0.1 kcal/ mol of the DK values and are not explicitly shown ͓also true for the ionization potentials ͑IPs͒ and electron affinities ͑EAs͒ discussed below͔. For each element, correlation of the 3s and 3p electrons preferentially lowers the electronic state arising from the 4s 1 3d m−1 occupation, with the largest effect at the CBS limit exhibited in Sc ͑−6.63 kcal/ mol͒ and the smallest in Cu ͑−0.88 kcal/ mol͒.
The convergence with basis set is regular, with the ccpwCVTZ-DK basis sets generally underestimating the total effect by up to 1.9 kcal/ mol ͑Sc͒. In the case of Cu, the core-valence effect changes sign as a function of basis set, hence the TZ result is actually opposite in sign to the CBS limit value. It should be noted, however, that in each case a two-point extrapolation via Eq. ͑2͒ using just the TZ and QZ basis sets yields a very accurate estimate of the CBS limit, with the largest differences being just 0.2-0.3 kcal/ mol ͑Co-Cu͒. Qualitatively it can be observed in Fig. 3 that the magnitude of the effect decreases as the number of 3d electrons increase, but two separate trends are apparent between the early transition metals, Sc-Cr, and those with at least a halffull d shell, Mn-Cu. In fact the 3s3p correlation effect on ⌬E is nearly as large for Mn as in Sc. The final DK-CCSD͑T͒/ CBS results including 3s3p correlation are shown in Table  VI where they are compared to experiment. As can also be observed in Fig. 4 where the differences between these theoretical values and experiment are plotted, all errors are under 1 kcal/ mol and only in the case of Mn is the difference greater than 0.5 kcal/ mol. Interestingly, the differences between theory and experiment also exhibit two different trends between the early and late transition metals, which presumably reflects errors intrinsic to the CCSD͑T͒ method for this property.
Our results above for Ti and Fe can be directly compared to the previous CCSD͑T͒ calculations of Ricca and Bauschlicher 12 and Bauschlicher 14 who used their own correlation-consistent-style basis sets. In the case of Ti, our nonrelativistic, valence-only results are nearly identical ͑within 0.1 kcal/ mol͒ to the excitation energies of Ref. 14. This is not surprising since these basis sets have much in common. In the case of the 3s3p correlation treatment, however, the core-valence correlation effect calculated with the cc-pwCVnZ basis sets of the present work tends to yield somewhat faster convergence towards the CBS limit, and the 
Atomic ionization potentials
CCSD͑T͒ ionization potentials for 4s3d correlation are displayed in Table IV͑a͒ together with their experimental values. For Sc-V very little basis set dependence is observed, with differences between cc-pVTZ and the CBS limit of only 0.4− 0.7 kcal/ mol. The corresponding ranges for the remaining elements vary from only 0.2 kcal/ mol in Ni to about 5.7 kcal/ mol in Cu. Calculations with the aug-ccpVnZ basis sets demonstrated that the somewhat slower convergence for Cu and also Zn was due to the lack of a sufficiently diffuse f-type function for the smaller sets. Note that this trend is not present at the HF level and is presumably due to important sd correlation effects. 37, 38 Faster convergence with the aug-cc-pVnZ basis sets was also observed for the excitation energies discussed above and can be attributed to the same effect. Basis set extrapolation, however, with either the cc-pVnZ or aug-cc-pVnZ basis sets still yielded essentially the same CBS limits for the IPs of Cu and Zn. In the case of the IPs, scalar relativity is observed to increase their values above the nonrelativistic IPs since the electron is TABLE IV. ͑a͒ Calculated CCSD͑T͒ ionization potentials ͑kcal/ mol͒ for valence 4s3d correlation. ͑b͒ Calculated effects of 3s3p electron correlation ͑kcal/ mol͒ , ⌬CV, on the valence-only ionization potentials at the CCSD͑T͒-DK level of theory ͑⌬CV= 3s3p3d4s value− 3d4s value; both calculations in the same core-valence basis set͒. Obtained using the TZ and QZ basis sets with Eq. ͑2͒.
c Spin-orbit effects have been removed from these values using the experimental fine-structure splittings. See also the footnote to Table VI. removed from the 4s orbital. This tends to result in better agreement with the experimental values at the CCSD͑T͒ level of theory. The differences between the CBS-NR and CBS-DK values are plotted in Fig. 2 , where the result of differing 4s occupations can be plainly observed. The largest scalar relativity effects are calculated for V, Co, and Ni where the ionization involves a 4s 2 to 4s 0 change, while smaller effects are observed in Sc, Ti, Mn, Fe, and Zn where the cation state has a 4s 1 occupation. The remaining two elements, Cr and Cu, are the only elements where the electron is ionized from a singly occupied 4s. It should be noted that the DK-HF scalar relativity corrections from this work are within 0.1− 0.2 kcal/ mol of the accurate numerical DHF values of Koga et al. 39 In contrast to the excitation energies, the impact of electron correlation on the scalar relativistic correction is relatively large, rising to 1.5 kcal/ mol for the Cu atom.
From the comparison between the CBS-DK values and experiment in Table IV͑a͒ , it might be inferred that outercore correlation has a significant effect on these atomic IPs. As shown in Table IV͑b͒ , 3s3p correlation affects the IPs from about 0.4 to nearly 4 kcal/ mol. For most of the elements, the core-valence ͑CV͒ effect, which is also plotted in Fig. 3 , tends to increase the calculated valence correlated IPs, except for the elements that involve a change in 3d occupation upon ionization ͑V, Co, and Ni͒. In these cases the CV contribution is negative and exhibits a much larger basis set dependence ͓cf., Table IV͑b͔͒ compared to the other elements. The final CBS-DK+ CV ionization potentials are compared to experiment in Table VI and the errors are plotted in Fig. 4 . All of the differences between theory and experiment are now within 1 kcal/ mol, with the largest errors observed for the later transition metals.
Atomic electron affinities
The most challenging atomic property considered in the present work is the electron affinity, since, with the exception of the Cu atom, electrons are bound purely by electron correlation effects in these elements. The present CCSD͑T͒ valence 4s3d correlated results are shown in Table V͑a͒ , while the CV effects are given in Table V͑b͒ . The aug-cc-pVnZ basis sets were used in all cases. The Sc − anion has a 1 D͑4s 1 3d 2 4p 1 ͒ ground state, which is not well described by single determinant methods such as CCSD͑T͒ and has not been included in the present study. In addition, since the Mn and Zn atoms do not bind electrons, they are also not treated. Among the remaining elements, all except Cr and Cu involve electron attachment into a 3d orbital. The 4s 1 ground states of Cr and Cu yield 4s 2 ground states for their anions. As shown in Table V͑a͒ and Fig. 2 , scalar relativity generally decreases the electron affinity due to destabilization of the 3d orbital, except for Cr and Cu where, of course, it leads to an increase ͑the 4s is stabilized͒. Hence, in most cases the inclusion of scalar relativity results in CCSD͑T͒ electron affinities further from the experimental EAs in comparison to the nonrelativistic values, since the CCSD͑T͒ method tends to underestimate full configuration interaction ͑FCI͒ electron affinities. As also shown in Fig. 2 , HF calculations of the scalar relativity effect on the electron affinity are not particu- larly accurate compared to CCSD͑T͒, which reflects the importance of dynamic electron correlation for the EAs of the 3d transition metals. Hence while our DK-HF scalar relativity corrections are within 0.1-0.3 kcal/ mol of the numerical DHF values of Koga et al., 39 electron correlation adds nearly 1-2 kcal/ mol to the HF values ͑decreasing the magnitude of the negative HF contributions and increasing the magnitude of the positive HF contributions͒. Last, it should be noted that the convergence with basis set of the EAs shown in Table V͑a͒ is regular and relatively rapid; however, at the NR-CCSD͑T͒/CBS or DK-CCSD͑T͒/CBS-DK levels, the electron affinity of Ti is still strongly negative when only valence electrons are correlated.
Core-valence correlation effects on the calculated electron affinities are shown in Table V͑b͒ for the DK relativistic calculations and these are also plotted in Fig. 3 . The CV effects are large for the elements that involve electron attachment into the 3d orbital, ranging from nearly 5 kcal/ mol for Ti to just under 3 kcal/ mol for Ni. The CV effects for Cr and Cu are nearly negligible at −0.15 and 0.33 kcal/ mol at the CBS-DK limit, respectively ͑4s 1 → 4s 2 processes͒. The convergence with the basis set of the 3s3p core-valence correlation effect is relatively rapid in each case with the aug-ccpwCVnZ basis sets. The final DK-CCSD͑T͒/CBS electron affinities are compared to experiment in Table VI and the ͑theory-experiment͒ differences are plotted in Fig. 4 . The electron affinity of Ti is still strongly underestimated by CCSD͑T͒, and many of the other elements also exhibit errors with respect to experiment greater than 1 kcal/ mol. The electron affinities of both Ni and Cu, however, appear to be very accurately described by this level of theory. It should be emphasized that these final differences with experiment reflect the intrinsic accuracy of CCSD͑T͒ for this property; calculations at the CCSDT and CCSDTQ levels are currently being completed that confirm the large effects of iterative triples and quadruple excitations. Benchmark results at these levels of theory for all the atomic properties of the present paper will be presented in a subsequent paper. 40 Our calculated electron affinities can be compared to the recent CCSD͑T͒ work of Bauschlicher and Gutsev. 41 Their results using ANO-style basis sets for Ti, V, Fe, and Co compare well to our aug-cc-pVTZ-DK values. Some of the most accurate correlated calculations of excitation energies, ionization potentials, and electron affinities of the early transition metals ͑Sc-Mn͒ have recently been reported by Miura et al. 42 and Osanai et al. 43 These studies used large Slater-type basis sets with multireference CI ͑MRCI͒ wave functions and included a careful treatment of both valence and core correlation effects, as well as relativity. Upon comparison of their MRCI results with the CCSD͑T͒ values of the present study, however, it would appear that the core correlation contributions of Refs. 42 and 43 are often strongly overestimated, perhaps due to size extensivity problems with their method. This seems to be particularly apparent in the case of the EA of Ti, where the MRCI core correlation contribution ͑core-valence+ core-core͒ of 8.7 kcal/ mol can be compared to our CCSD͑T͒ result of 4.8 kcal/ mol. In addition, in several cases their calculated relativistic effects were often quite different from the present results, by as much as 1 kcal/ mol. While it is difficult to unambiguously compare the two sets of results, it is the case that if one uses their accurate valence-only correlation results ͑which included extrapolations to the full TABLE VI. Summary of relativistic DK-CCSD͑T͒/CBS excitation energies, ionization potentials, and electron affinities calculated with 3s3p3d4s electron correlation compared to experiment ͑kcal/ mol͒. Spin-orbit coupling effects have been removed from the experimental values using the experimental fine-structure splittings. CI limit͒ for the ⌬Es, IPs, and EAs and then add the CCSD͑T͒ scalar relativistic and CV corrections from the present work, the agreement with experiment is better than their reported final values in every case ͑the IP of Sc was unchanged͒. In the instances where their original disagreement was relatively large, e.g., the EA of V, which differed from experiment by 2.5 kcal/ mol, the prescription above decreased this error to just 0.2 kcal/ mol.
B. Molecular spectroscopic properties
Spectroscopic properties calculated at the CCSD͑T͒ level of theory with the basis sets of the present work are given in Tables VII-XI for the electronic ground states of TiH, MnH, CuH, TiF, and Cu 2 , respectively. In each case near-equilibrium potential energy curves were obtained by fitting seven energies to fifth-or sixth-degree polynomials in displacement coordinates and then employing the resulting derivatives in the usual Dunham analysis. 44 The dissociation energies were calculated relative to atomic asymptotes that were fully symmetry equivalenced. In addition, for the two species with 4 ⌽ ground states ͑TiH, TiF͒, the HF orbitals were also symmetry equivalenced in state-averaged HF calculations. In the cases of valence-only electron correlation, both nonrelativistic calculations, which used the series of cc-pVnZ basis sets, and DK relativistic calculations, which used the series of cc-pVnZ-DK basis sets, were carried out, and the difference between the derived spectroscopic constants represented the effects of scalar relativity. The effects of core-valence correlation, i.e., the addition of the 3s3p electrons of the transition metal to the correlation treatment, as well as the 1s electrons of F in TiF, were obtained at the DK-CCSD͑T͒ level of theory with both the valence ccpVnZ-DK and core-valence cc-pwCVnZ-DK series of basis sets. The effects of core-valence correlation were determined as the difference between calculations with only valence electrons correlated and those with outer-core electrons included, both in the same basis set. Diffuse function augmented sets were always used on fluorine in the TiF calculations. Complete basis set limits were obtained via Eqs. ͑1͒ and ͑2͒ with the average of these two results representing the best estimate. Calculations were also carried out using the diffuse augmented analogs of each of these basis sets ͑aug-cc-pVnZ, etc.͒, but these results are only shown for Cu 2 ͑Table XI͒, which was the only case that displayed a significant difference. Finally, most of these molecules have been extensively studied in the past ͑see Refs. 13, 14, 37, 45, and 46͒ but since the focus of this work is on the basis set dependence of the various spectroscopic constants at the CCSD͑T͒ level of theory, detailed comparisons with all of these past results are outside the scope of this study.
TiH, MnH, and CuH
The calculated results for the hydrides considered in this work, which were chosen since they are relatively well described by single determinant methods, are shown in Tables VII-IX. In the case of TiH ͑Table VII͒, the convergence with the basis set of the valence-only, nonrelativistic spectroscopic constants is very rapid with little variance between triple-and the CBS limit. It should be noted that at this level, the CCSD͑T͒ bond length is longer than experiment by more than 0.02 Å, while the equilibrium dissociation energy is nearly identical to the experimental value. As also shown in Table VII , however, while scalar relativity has nearly no effect on r e and e , the dissociation energy is lowered by just over 1 kcal/ mol. The effects of scalar relativity are also well described with just the cc-pVTZ basis sets. Not unexpectedly, correlation of the 3s3p electrons of Ti has a strong impact on the spectroscopic constants. Regular convergence with basis set is observed with both the cc-pVnZ-DK and cc-pwCVnZ-DK basis sets; however, use of the former seems to overestimate the total CV effects. At the CBS limit, core-valence correlation is calculated to decrease the valence-only r e value by 0.034 Å and the harmonic frequency increases by 32 cm −1 . The dissociation energy, however, is increased by just 0.5 kcal/ mol. The final 3s3p correlated DK-CCSD͑T͒/CBS results are in good agreement with experiment, with the ab initio r e value being slightly smaller than the experimental r 0 . Our results for TiH can be directly compared to the CCSD͑T͒ results of Bauschlicher 14 using his cc-pVnZ basis sets ͑n =T,Q,5͒. All of the results are nearly identical as expected, except for the core-valence correlation effect on D e where a large +1.4 kcal/ mol contribution was reported in Ref. 14 compared to our result of +0.5 kcal/ mol. The origin of this difference, however, resides partly in the valence-only results where the D e of Ref.
14 was about 0.5 kcal/ mol smaller than that of the present work. After carrying out additional calculations in our laboratory using the basis sets of Ref. 14, however, it was apparent that the smaller D e was not a basis set effect at all but was due to the use of restricted HF ͑RHF͒ orbitals in the atomic and molecular calculations that were not fully symmetry equivalenced and had small resulting symmetry contaminations from the high angular momentum functions in the 3s and 3p orbitals. Hence, the 3s3p core orbitals were slightly different in character than in the present work. This example stresses the difficulty in unambiguously comparing two sets of calculations even when they superficially appear to be nearly identical.
The results for MnH shown in Table VIII are very similar to those of TiH with very little basis set dependence calculated for the valence-only correlated, nonrelativistic spectroscopic constants. As expected, the effects of scalar relativity are stronger for MnH than those calculated for TiH, with decreases in the bond length by nearly 0.006 Å. The scalar relativity effect on D e , − 0.90 kcal/ mol, is similar, however, to that of TiH. More regular convergence of the 3s3p correlation effect is obtained with the cc-pwCVnZ-DK basis sets compared to cc-pVnZ-DK; however, the CBS limits are nearly identical. The changes in r e and e with 3s3p correlation are about a factor of 4 smaller in magnitude than obtained for TiH, while the CV effect on D e is opposite in sign but similar in magnitude. The final CCSD͑T͒ results for MnH are in excellent agreement with experiment for r e and e , but the predicted D e value is significantly above the experimental result, even given the latter's rather large error bars. Given the expected accuracy of the present work, the experimental dissociation energy should probably be reevaluated.
The results for CuH shown in Table IX show well behaved convergence with basis set but with a somewhat larger basis set dependence for r e than in the cases of TiH and MnH. It is worth mentioning that the aug-cc-pVnZ results yielded essentially identical CBS limits, but the bond length converged from above. The scalar relativistic effects on r e , e , and D e are all substantial, −0.025 Å , 82 cm −1 , and 2.5 kcal/ mol, respectively, at the CBS limit. Note that in contrast to TiH and MnH, relativistic effects strongly stabilize the bond in CuH. As discussed in detail by Bauschlicher et al., 38 this is presumably due to an increased mixing of the Cu 4s 2 3d 9 configuration when scalar relativity is included since this atomic state is then lowered relative to 4s 1 3d 10 . On the other hand, the effects due to 3s3p correlation are nearly negligible, as is often assumed for the late transition metals. The final CCSD͑T͒/CBS 3s3p correlated values are observed to be in excellent agreement with experiment, with the bond length being only slightly underestimated by about 0.003 Å and the harmonic frequency is too large by just ϳ4 cm −1 . The predicted value of D e is well within the experimental error bars.
TiF and Cu 2
Results for TiF and Cu 2 are shown in Tables X and XI, respectively. Overall the results for TiF is very reminiscent of TiH ͑Table VII͒. The basis set dependence is modest, and the core-valence effect on r e is large and negative. It should be noted that use of the valence basis sets for the 3s3p correlation in this case leads to an overestimate of ⌬D e by about 0.5 kcal/ mol at the CBS limit. The final DK-CCSD͑T͒ / CBS+ 3s3p results for r e and e are nearly identical with the experimental values, while the calculated D e is at the lower end of the experimental range. The present ab initio value, however, is expected to be the more reliable result in this case. Our results can be compared to the recent RCCSD͑T͒ work of Koukounas et al. 46 who investigated several electronic states of TiF with a large ANO basis set on Ti using both coupled cluster and MRCI methods. In general, their results are in good overall agreement with the cc-pVQZ results of the present work, however, their core-valence correlation effects on D e seem to be about a factor of 3 too large, 2.9 kcal/ mol compared to 1.1 kcal/ mol in the present work. As discussed above, this could mainly be due to different orbitals being used in their calculations. For the copper dimer, both regular and diffuse augmented results at the nonrelativistic level are shown in Table  XI since the latter was calculated to strongly impact the excitation energy and ionization potential of the Cu atom. For both the cc-pVnZ and aug-cc-pVnZ series, the NR-CCSD͑T͒ bond length and dissociation energy converge from above and below, respectively, but the values calculated with the aug-cc-pVnZ basis sets exhibit faster convergence towards the CBS limit, presumably due to the importance of describing sd correlation effects, which require diffuse f-type functions 38 Thus, the resulting CBS limits are slightly different depending on the choice of basis set series. As in CuH, scalar relativity strongly decreases the bond length and increases the dissociation energy, while 3s3p correlation has a negligible effect. The final DK-CCSD͑T͒ / CBS+ 3s3p spectroscopic constants agree well with the accurate experimental values, but the remaining errors, 0.003 Å in r e , 3 cm −1 in e , and ϳ1 kcal/ mol in D e , are presumably due to missing higher-order correlation effects that are not recovered by the CCSD͑T͒ method.
One of the concerns of the present work involves the computationally expensive evaluation of the 3s3p correlation effects, which can strongly affect spectroscopic properties in the early transition metals. The results discussed above appear to suggest that the present valence-only sets do an adequate job in describing 3s3p correlation, but generally overestimate the effect on the spectroscopic constants. Given the excellent results by Bauschlicher 14 on TiH with his valence optimized basis sets, which had very flexible spd contractions, perhaps the addition of only the tight spd functions from the cc-pwCVnZ basis sets to the cc-pVnZ sets might yield reliable core-valence results with much less computational cost than with the full cc-pwCVnZ basis sets. This has been carried out in the cases of TiH and TiF, and indeed cc-pVnZ+2s2p2d calculations ͑the 2s2p2d from the appropriate cc-pwCVnZ sets͒ yielded CV correlation effects intermediate between those obtained with cc-pVnZ and cc-pwCVnZ. It was also determined that elimination of the highest tight angular momentum function from the cc-pwCVnZ basis sets, e.g., the tight g function in the ccpwCVTZ basis set, had a negligible effect on the resulting CV correlation contributions. Hence, while the cc-pwCVnZ basis sets are capable of achieving benchmark quality corevalence correlation effects, more economical alternatives may be possible. Finally, the possible effect of basis set su- perposition error ͑BSSE͒ on the calculated CV contributions was also investigated by using the function counterpoise method. 47 Except for a slight improvement at the ccpwCVTZ level for CuH and Cu 2 , the effect of BSSE on the CV correlation effects was found to be nearly negligible.
IV. CONCLUSIONS
New correlation consistent basis sets have been developed for the first-row transition metal elements that display systematic convergence towards the complete basis set limit for a wide array of atomic and molecular properties. Both nonrelativistic basis sets ͑cc-pVnZ, n =T,Q,5͒ and sets optimized with the Douglas-Kroll-Hess scalar relativistic Hamiltonian ͑cc-pVnZ-DK, n =T,Q,5͒ have been developed. Additional functions have been determined to form diffuse function augmented versions of these two series ͑aug-cc-pVnZ and aug-cc-pVnZ-DK͒, as well as sets designed to accurately recover important 3s3p correlation effects ͑cc-pwCVnZ and cc-pwCVnZ-DK͒. Benchmark calculations of atomic excitation energies, ionization potentials, and electron affinities were carried out at the CCSD͑T͒ level of theory. The new basis sets allowed the estimation of accurate CBS limits in each case, which facilitated the critical assessment of the effects of scalar relativity and 3s3p correlation, as well as the overall intrinsic accuracy of the CCSD͑T͒ method for these properties. In particular, it was found that the CCSD͑T͒ method was capable of chemical accuracy ͑within 1 kcal/ mol͒ for both atomic excitation energies ͑4s
2 → 4s 1 ͒ and ionization potentials, but the electron affinities proved to be more difficult, with errors ranging between 1.5 and 2.5 kcal/ mol for Ti, V, and Fe. For each of the atomic properties studied, the basis set convergence rate was generally slower for the late transition metals ͑Mn-Zn͒ in comparison to those with a less than half-filled 3d shell ͑Sc-Cr͒. Some representative molecular calculations were also carried out, and these results essentially followed the same trends as those observed in the atomic excitation energies and ionization potentials. Hence, just as the correlation consistent basis sets for the main group elements have provided a clear route to accurate ab initio spectroscopy and thermochemistry, the new basis sets from this work are expected to facilitate accurate, reliable calculations involving the first-row transition metals. All of the basis sets presented in this work can be obtained from EPAPS, 48 but will also be made available for download from the Pacific Northwest National Laboratory ͑PNNL͒ basis set website, http:// www.emsl.pnl.gov/forms/basisform.html, as well as by request from one of the authors ͑Peterson͒.
